Abstract Wetland degradation is a predicament in wetland research. Constructing a robust, universal method to assess wetland landscape ecological degradation is a critical issue. This study proposes an integrated approach based on a regional habitat succession model to assess wetland landscape ecological degradation. The approach consists of a landscape change monitoring module, a regional habitat succession model, and a quantitative analysis module. The proposed approach is theoretically universal, although the regional habitat succession model is not universal. The approach is implemented and evaluated with Yancheng National Natural Reserve (YNNR) in East China as the study area. Results show that (1) wetland landscape ecological degradation in YNNR exhibits an accelerated degradation rate and an area percentage of 39.39 % for approximately 30 years; (2) the results are similar to those of previous studies and correspond to actual practice; (3) the proposed integrated approach can quantitatively assess the area, rate, and trend of degradation, and determine the dominant degradation processes and their drivers; and (4) the dominant processes and factors established in this study can provide directions for studies on the mechanism of wetland degradation and support the conservation and management of wetlands. Therefore, the proposed method is a promising approach to evaluate the ecological degradation of wetland landscapes.
Introduction
A wetland is a transition area between terrestrial and aquatic ecosystems; it is an important landscape and a unique ecosystem for the maintenance of ecological balance and protection of biodiversity (Bullock and Acreman 1999; McClain et al. 2003) . It also is a vulnerable ecosystem (Kirwan and Megonigal 2013) . Its structure and function have been altered, and many ecological and environmental issues have been caused by natural environmental changes, anthropogenic activities, and synergistic combinations of the two (Davis and Froend 1999; Nicholls and Cazenave 2010) . The ecological deterioration of wetlands is referred to as "wetland degradation", which has become a serious problem worldwide (Millennium Ecosystem Assessment 2005) . It is mainly manifested in the structural and functional degradation of population ecology (Mitchell et al. 2002; Ogden 2005; Klimkowska et al. 2010) , community ecology (Owino and Ryan 2007; Dinka et al. 2008) , ecosystem (Bridgham et al. 2006; Kansiime et al. 2007; García et al. 2008) , and landscape ecology (Cushman 2006; Knutson et al. 1999) . These four research fields require different approaches and data. Data on these fields can be generally divided into two categories, namely, traditional field ecological data and remote sensing data. Traditional field ecological data cannot be readily used in regional and global extents (Kerr and Ostrovsky 2003) , whereas remote sensing data can be well utilized in regional and global extents. Hence, remote sensing data are promising data for the monitoring of wetland changes.
Remote sensing data have been widely utilized in landscape ecology (Wu 2000) . The ecological degradation of wetlands is often characterized by fragmentation, area loss, and diversity loss. These characteristics have been studied with various landscape indices (Jaeger 2000; Schulz et al. 2010) , which can substantially summarize the information of landscape patterns and serve as quantitative indices that describe the structures or patterns of landscapes (Wu 2000) . Nevertheless, scaling, ecological significance, and the relationship between landscape indices and ecological processes require further study prior to application (Wu and Hobbs 2002; Wu 2013) . Additionally, a hypothetical condition may also exist, wherein the landscape type is significantly converted and the value of the landscape index remains constant. The landscape index would not be suitable in this case. Therefore, a universal approach to analyze the ecological degradation of wetlands, including human and natural landscapes, is urgently needed.
Ecological succession shows the succession of processes and directions but does not consider human landscapes which are significant components of wetland landscapes and comprise a vital part of holistic landscape ecology (Wu 2004) . Landscape conversion involves human landscapes but does not consider direction. A mixture of ecological succession and landscape conversion might be the correct approach. Landscape is composed of various habitats in a specific region and time window. Habitat is a comprehensive body that comprises human activity, landform, hydrology, soil, and vegetation in a specific space and stage. Habitat succession occurs with the change in the ecological sensitivity factor (e.g., human activity, landform, hydrology, and soil) during a specific time period; habitat succession ultimately presents landscape changes. The direction of landscape conversion or habitat succession can be defined based on the direction of the change in the ecological sensitivity factor. Based on the above analysis, a regional habitat succession model can be constructed to evaluate wetland landscape ecological degradation, which takes different forms in different regions. Therefore, an approach-based habitat might be suitable to assess the ecological degradation of wetlands. An integrated approach was developed in this study to assess the ecological degradation of wetlands. The approach is based on the regional habitat succession model, which combines landscape conversion with the corresponding habitat information (includes landscape change monitoring, habitat succession model, and conversion contribution rate). The landscape change monitoring module is the basic component, the regional habitat succession model is the core, and the conversion contribution rate module is the quantitative analysis method.
The integrated approach proposed in this study to assess the ecological degradation of wetlands is theoretically universal. Many methods for landscape change monitoring have been developed (e.g., Berberoglu et al. 2000; Sluiter 2005; Filippi and Jensen 2006; Adam et al. 2010; Dronova et al. 2011) ; the conversion contribution rate has also been presented (Zeng et al. 2003) . The most significant challenge in applying the proposed approach is the construction of a suitable habitat succession model for the specific study area. To test the approach's suitability for the evaluation of wetland degradation, it was implemented and evaluated with Yancheng National Natural Reserve (YNNR) in East China as the study area.
Study Area and its Habitat Succession Model
YNNR is a typical silty coastal reserve located at 119°53′2″ E to 121°14′21″ E and 32°48′47″ N to 34°29′27″ N in the east coast of Jiangsu Province, China (Fig. 1) . Common natural communities include the following: Spartina alterniflora (SA), Suaeda glauca (SG), Imperata cylindrica and Aeluropus sinensis, Tripolium panonicum, Phragmites australis (PA), Salicornia europaea, Tamarix chinensis and Apocynum venetum, Carex cinerascens and I. cylindrica, and Scirpus planiculmis.
A classification system of wetland landscapes was constructed based on field investigations, historical data, and the object recognition capacity of the remote sensing data utilized in this study (Figs. 2 and 3). The study area was divided into wetlands and non-wetlands (NoWs). The wetlands were classified into natural wetlands (NWs) and constructed wetlands (CWs). The NWs were further categorized into mudflats (MFs), SA, SG, PA, grassland species (GS), and rivers (RS); the CWs were classified into paddy fields (PFs), aquaculture ponds (APs), salt fields (SFs), and pools (PS).
The wetlands were accordingly converted to NoWs, and the NWs (except for invasive species) were converted to CWs, which belong to wetland landscape ecological degradation. The coastal wetland vegetation in NWs contains various halophytes, as indicated by the evident soil water-salt gradient from the sea to the inland in the coastal wetland area (from the shallow sea region below the mean low tide line to the intertidal zone between the mean low tide line and the mean high tide line and to the land area above the mean high tide line) (Li et al. 1998) . Ecological succession in wetland systems has been extensively investigated (Liu et al. 1992; Yang et al. 2002; Yao et al. 2009 ). SG is the pioneer community in YNNR, followed by PA and GS with soil desalination. GS is the climax community, and its dominant species is I. cylindrica. The drivers of ecological succession in wetland systems include soil water, salinity, and species invasion (Millennium Ecosystem Assessment 2005; Mendez Linares et al. 2007; Zhang et al. 2014) . Therefore, the ecological retrogressive succession of natural landscapes in coastal wetlands involves three directions: soil dehydration (Zedler et al. 1986; Chow-Fraser et al. 1998; Muller et al. 2006) , soil salt accumulation (Huang et al. 2010) , and species invasion (MacDougall and Turkington 2005; Schulz et al. 2010; Qiu 2013 ). Therefore, the conversions of GS to PA and SG, which belong to the direction of soil salt accumulation, represent retrogressive succession; the conversions of PA, SG, and MF to SA, which belongs to the direction of species invasion, also demonstrate retrogressive succession (Fig. 2) .
Defining the direction of degradation in CWs is difficult. Ecological service value, a major manifestation of wetland states, was selected as the criteria of wetland evolution and degradation in this study. Therefore, the degradation direction of CWs is the direction of the ecological service value reduction. Research has shown that PFs exhibit the highest ecological service value, followed by APs, SFs, and PS in YNNR (Chen 2006; Zhang et al. 2007) . Figure 2 presents the regional habitat succession model of YNNR.
Materials and Methods

Monitoring Landscape Changes
Remote sensing data and the atlas of the National Multipurpose Investigation of the Coastal Zone and Tidal Wetland Resources (1980s) were utilized to monitor landscape changes. Two scenes of the images acquired from the closest dates to the four target years (1980, 1992, 2002, and 2008) were selected because the source images should be cloud-free for landscape mapping (Table 1) ; pre-processing was performed before they were utilized. A hybrid classification technique that includes the iterative self-organizing data analysis technique (ISODATA), support vector machine classifier (SVM), and visual interpretation (using pseudo-color images) was applied to extract different wetland clusters. The Kappa coefficients of the four classification results on different dates were computed to determine the process accuracy of the assessment. The obtained coefficients were higher than 0.70 (Fig. 3) . All data processes were implemented with the software package ENVI 5.0 (Environment for Visualizing Images) and ArcGIS 10.0 (Geographic Information System software).
Table of Wetland Landscape Succession
The degradation process of wetland landscapes was further elucidated by constructing a table of wetland landscape succession based on the regional habitat succession model. The form of wetland landscape ecological degradation was categorized into absolute loss (conversion of wetlands to NoWs), gradual loss (retrogressive succession within NWs or CWs), habitat loss (conversion of NWs to CWs), and species invasion. Table 2 shows the degradation process and the type of wetland landscapes.
Conversion Contribution Rate Method
In this study, A ij is the conversion area from landscape element i to landscape element j, A t is the total landscape conversion area, and n is the number of landscape elements.
Conversion-in Rate
Conversion-in contribution rate is the ratio of the conversion area from other landscape elements to a specific landscape element to the total landscape conversion area (Zeng et al. 2003) . The conversion-in rate is provided by
where T in_i denotes the conversion-in rate of the ith landscape element. Fig. 3 Classification results of the remote sensing images 
Conversion-out Rate
Conversion-out contribution rate is the ratio of the conversion area from a specific landscape element to other landscape elements to the total landscape conversion area (Zeng et al. 2003) . The conversion-out rate is provided by
where T out_i denotes the conversion-out rate of the ith landscape element.
Specific Conversion Process Contribution Rate
The contribution rate of a specific conversion process is the ratio of the area of the specific conversion process to the total landscape conversion area (Zeng et al. 2003) . The contribution rate of the specific conversion process is defined by
where T i_j denotes the contribution rate from the ith landscape element to the jth landscape element.
Results and Discussion
Main Degradation Characteristics
Stages 0, 1, 2, and 3 represent the period from 1980 to 2008, 1980 to 1992, 1992 to 2002, and 2002 to 2008 , respectively. Table 3 shows the conversion-in and conversion-out rates of each landscape type in YNNR as well as the core area, buffer zone, and experimental zone for stage 0. The area percentage of landscape ecological degradation in different stages is summarized in Table 4 . The wetland landscape ecological degradation in YNNR was mainly characterized as follows: the conversion-out rate of NWs is higher than the conversion-in 
Mudflats (MFs), Spartina alterniflora (SA), Suaeda glauca (SG), Phragmites australis (PA), glassland species (GS), paddy fields (PFs), Aquaculuture ponds (APs), salt fields (SFs), pools (PS). : not existing; ★: progressive succession; ☆: no change; ▲: retrogressive succession within NWs; ◆: retrogressive succession within CWs; •: the conversion of NWs to CWs; ▼: species invasion rate (92.12 %>26.27 %); the conversion-out rate of CWs is lower than the conversion-in rate (7.88 %<73.73 %); the proportion of the degradation area to the total area is 39.39 %; and habitat loss is the main form of wetland landscape ecological degradation (62.96 % of the total degradation area).
The main characteristics of the wetland landscape ecological degradation of the buffer and experimental zones are in accordance with those of YNNR. These characteristics were presented as follows: the conversion-out rate of NWs is higher than the conversion-in rate; the conversion-out rate of CWs is lower than the conversion-in rate; the degradation area proportions of the total area are 49.49 and 38.46 % in the buffer and experimental zones, respectively; and habitat loss is the main form of wetland landscape ecological degradation. By contrast, the conversion-in and conversion-out rates of the core area are 75.72 and 97.57 %, respectively. The degradation area proportion is 25.80 % and species invasion is the main degradation form. The qualitative conclusions obtained from the proposed approach for evaluating wetland landscape ecological degradation are consistent with the conclusion reported by Sun et al. (2010) .
Trend of Wetland Landscape Ecological Degradation
The change in wetland degradation area proportions in stages 1, 2, and 3 does not reflect the trend of wetland degradation because of the different time intervals of the three stages. Degradation rate is defined as the percentage of the average degradation area of wetland landscape each year over the total area of a specific area; this rate can reflect the trend of wetland degradation. Therefore, degradation rate was utilized to clarify the trend of wetland landscape ecological degradation. Figure 4 shows the degradation rates of different study areas in different stages and the ecological degradation trends of wetland landscapes. DAR represents the area proportion of wetland degradation; Type 1, Type 2, Type 3, and Type 4 represent absolute loss, gradual loss, habitat loss, and species invasion, respectively; ASR is the area ratio of wetland degradation caused by human activities over the total area of wetland degradation; Stages 0, 1, 2, and 3 represent the period from 1980 to 2008, 1980 to 1992, 1992 to 2002, and 2002 to 2008, respectively The degradation rates in stages 1, 2, and 3 and the slope of the fitting curve are 1.06, 2.12, 2.78 %/y, and 0.86 for YNNR, respectively; 1.32, 2.95, 4.33 %/y, and 1.51 for the buffer zone, respectively; and 1.08, 1.90, 2.63 %/y, and 0.78 for the experimental zone, respectively. The wetlands in YNNR, buffer zone and experimental zone demonstrated accelerated degradation. The degradation rates of the core area in stages 1, 2, and 3 are 0.33, 2.31, and 0.83 %/y, respectively, indicating that the rates are initially high and then subsequently decrease. Stage 2 is a critical stage in which absolute and habitat losses are the main forms of wetland landscape ecological degradation. This condition was induced by the strategy of "constructing marine eastern Jiangsu" implemented in the early 1990s to prompt economic development. The gross domestic product of Yancheng City significantly increased from 16.71 billion yuan in 1990 to 67.33 billion yuan in 2002 and 160.33 billion yuan in 2008, with a total increase of 143.62 billion yuan (Yancheng Bureau of Statistics 1993 . Hence, the area of NWs gradually decreases, and the areas of CWs and NoWs gradually increase, which is consistent with the conclusions reported in previous studies (Zhang et al. 2013; Zuo et al. 2012) .
Dominant Factors and Processes
The proportion of the area of ecologically degraded wetland landscapes caused by human activities with respect to the total area is 81.14 % for YNNR, 41.46 %, for the core area, 90.49 % for the buffer zone, and 81.22 % for the experimental zone in a period of approximately 30 years (Table 4) . The evident dominant factor of wetland landscape ecological degradation is human activity, which is consistent with the conclusions obtained by Hao et al. (2010) , Kirwan and Megonigal (2013), and Millennium Ecosystem Assessment (2005) . The main body of wetland landscapes has shifted from natural to human landscapes. Nevertheless, natural factor dominated wetland landscape ecological degradation in the core area in stages 1 and 3. The proportions of the area of wetland landscape ecological degradation caused by species invasion with respect to the total area are 79.71 and 65.04 % in stages 1 and 3, respectively.
The dominant process of wetland landscape ecological degradation is as important as the dominant factor of degradation for conserving and managing wetlands. The integrated approach developed in this study can also be utilized to determine the dominant process of wetland landscape ecological degradation. The contribution rate of the specific degradation process compared with all the degradation processes in different stages is presented in Fig. 5 with the buffer zone as an example. The dominant degradation process differed in stages 1 and 3, although the main form of wetland landscape ecological degradation remained the same (habitat loss). The dominant degradation processes in stage 2 are the conversions of MFs, SG, and PA to APs and MFs to SA as well as the conversion of MFs to SA. The dominant degradation processes in stage 3 are the conversions of MFs and SG to APs, PA to NoWs, and MFs to SA. This finding provides additional information for the management of wetland landscape ecological degradation.
Conclusion
An integrated approach to assess the ecological degradation of wetland landscapes based on a regional habitat succession Fig. 5 Contribution rates of specific retrogressive transformation processes over the total retrogressive transformation processes in different stages model was proposed. The approach consists of landscape change monitoring, habitat succession model, and conversion contribution rate. The landscape change monitoring module is the basic component, the regional habitat succession model is the core, and the conversion contribution rate module is the quantitative analysis method. To test the approach's suitability for evaluating wetland degradation, it was implemented by conducting a case study in YNNR, China. A hybrid classification technique includes ISODATA, SVM, and visual interpretation, was applied in the landscape change monitoring module, and a regional habitat succession model of YNNR was constructed. The conclusions of this study are as follows.
(1) The integrated approach based on the regional habitat succession model for the assessment of the ecological degradation of wetland landscapes is theoretically universal; its greatest challenge is the construction of a suitable habitat succession model for a specific study area. (2) This approach can be utilized to describe the main characteristics, rate, and trend of wetland landscape ecological degradation as well as determine the dominant degradation processes and factors. 
